A two -phase study was conducted which related the confusions among dot matrix characters to the two -dimensional spatial frequency similarity of these characters.
Introduction
The present research is an effort to add more empirical data to a growing body of design information concerning dot matrix displays.
It is known that the style, or "font ", of characters can affect the performance of observers on display -related tasks.
This has been shown reliably for both stroke and dot matrix symbology.
This study attempts to evaluate various dot matrix fonts in terms of the confusions generated among characters within each font. In addition, the confusions are used to explore the effectiveness of the spatial frequency analysis model of the visual system.
The term "spatial frequency" is the spatial analog to the better known concept of temporal frequency.
The Spatial Frequency Analysis (SFA) model of the human visual system assumes that some mechanism exists within the visual system which decomposes the external scene into those spatial frequencies most prevalent in it.
The sensitivity of the visual system to the scene then is postulated to be dependent upon the relative magnitudes of those component spatial frequencies.
The SFA model is sometimes referred to as a multiple-channel model. This terminology is the result of the visual mechanism postulated by the model.
It is assumed that spatial frequency decomposition is accomplished in the visual system by the presence of cells which ere sensitive to very narrow ranges of spatial frequencies.
The magnitude of cell excitation is proportional to the relative signal power in the spatial frequency to which that cell is sensitive.
All the cells which are sensitive to a particular narrow range of spatial frequencies are considered to form a "channel ".
This concept implies that the information in one channel has little or no effect on the performance of another channel.
Purpose
The purpose of the research is twofold. The basic purpose is to evaluate the utility of various dot matrix fonts when displayed in common dot matrix sizes.
A secondary purpose of this research is to ascertain the effectiveness of the SFA model of the visual system in accountin_q for observed human performance.
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A secondary purpose of this research is to ascertain the effectiveness of the SFA model of the visual system in accounting for observed human performance.
MADDOX
The task utilized was tachistoscopic identification of dot matrix alphanumerics written in various fonts.
Font is a descriptive term used to identify alphanumerics with certain distinctive characteristics.
The utility of any particular font is usually determined by presenting single characters to observers for very short periods of time, a technique known as tachistoscopic presentation.
The secondary purpose of the research was fulfilled by analyzing the various alphanumerics using two -dimensional spatial frequency analysis.
The results of these analyses were compared to the observer performance data obtained from the tachistoscopic identification task.
These comparisons determine whether the spatial frequency content of the displayed information can be reliably related to observer performance.
For example, if the letters 'A' and 'P' have very similar spatial frequency components, this technique will show whether or not this similarity is manifested in the confusion of these characters by observers.
In addition, an attempt was made to determine whether more simple calculational procedures can be utilized to predict the confusability of various alphanumerics.
If a more simple method can be utilized, then much calculational complexity can be circumvented in the design process.
Methodology of the research
This research was done in two distinct phases.
The research is divided into Phase I, which required that experimental performance data be gathered using human observers, and Phase II, which required the digitization and analysis of the visual stimuli used in Phase I.
The findings from each phase were then analyzed together to determine how well the performance data could be accounted for on the basis of the analyses performed. A general overview of the experimental methodology is shown schematically in Figure 1 . Schematic of research activities.
The first phase of the research used human observers to obtain performance data.
The subjects viewed single characters on a dot matrix display. The characters were chosen from each of four different fonts.
Three of these fonts (Maximlum Dot, Maximum Angle, and Lincoln /Mitre) are described in a previously published study .
The fourth font is known as the Huddlest2n font and has been designed for visibility in extremely high ambient light environments .
In addition to the font, two other character variables were used in Phase I.
These variables are matrix size and character size. Matrix size refers to the number of dots available with which to construct the dot matrix characters.
A 5 X 7 matrix, for example, is a matrix with a maximum of 5 horizontal and 7 vertical (35 total) dots.
The three standard dot matrix sizes were used in the first phase of this research.
These three sizes are 5 X 7, 7 X 9, and 9 X 11.
The character size refers to the height and width, or visual angle, 
MADDOX
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Methodology of the research
The findings from each phase were then analyzed together to determine how well the performance data could be accounted for on the basis of the analyses performed.
A general overview of the experimental methodology is shown schematically in Figure 1 . The first phase of the research used human observers to obtain performance data. The subjects viewed single characters on a dot matrix display. The characters were chosen from each of four different fonts. Three of these fonts (Maximum Dot, Maximum Angle, and Lincoln/Mitre) are described in a previously published study .
PHASE
The fourth font is known as the Huddlestgn font and has been designed for visibility in extremely high ambient light environments .
In addition to the font, two other character variables were used in Phase I. These variables are matrix size and character size. Matrix size refers to the number of dots available with which to construct the dot matrix characters. A 5 X 7 matrix, for example, is a matrix with a maximum of 5 horizontal and 7 vertical (35 total) dots. The three standard dot matrix sizes were used in the first phase of this research. These three sizes are 5 X 7, 7X9, and 9 X 11. The character size refers to the height and width, or visual angle, of a dot matrix character.
If the dot size and interdot spacing remain constant, the dot matrix character will become larger and larger as more dots are used to construct each character.
To isolate the character size effect, two additional character constructions were used which kept the overall character size equal to the 5 X 7 matrix, but allowed the matrix size to increase to 7 X 9 and 9 X 11.
The various matrix size /character size combinations which were used are shown schematically in Figure 2 . Matrix and character sizes used.
The selection of the 5 X 7 matrix size as the one within which the expanded (7 X 9 and 9 X 11) matrix sizes are confined is a purely pragmatic decision.
The designer would undoubtedly opt to retain the smallest overall character size and limit the number of available dots within the character matrix.
The results must be viewed in this light, since all character size /matrix size combinations were not tested.
Subjects.
Forty subjects, 20 male and 20 female, were used in this study. All subjects were screened for normal acuity, at least 20/25 corrected, and absence of gross visual defects using a Bausch and Lomb Orthorater.
Each subject served a total of approximately four hours and was paid for his /her participation.
Apparatus.
The display used in this study was a Tektronix 4014 -1 computer graphics terminal.
This terminal is equipped with an Enhanced Graphics Module which allows 3072 X 4096 separate points to be displayed on the face of the CRT.
These points are slightly irregular due to phosphor blooming.
Their size, determined by microphotometric measurement, is .508 mm high by .394 mm wide with center -to-center spacing of .091 mm in either direction. Thus, adjacent points (or minipoints) hav substantial overlap.
The maximum luminance of these minipoints is approximately 21 cd /m .
Larger illuminated areas are obtained by simply illuminating many of these small minipoints.
In this research, the2 illuminated dots had a luminance of 21 cd /rn , against a background of approximately 3 cd /m .
The computer system used in this study was a Digital Equipment Corporation (DEC) PDP 11/55.
A forehead rest was used to keep the plane of the subjects' eyes approximately 102 cm from the surface of the display.
Experimental design.
The basic experimental design for this study is shown in Figure 3 .
Four character fonts were used and have been described previously. The five character size /matrix size combinations included the standard matrix sizes (5 X 7, 7 X 9, and 9 X 11), allowing the character size to expand as more dots are added to the matrix.
The 5 X 7, 7 X 9, and 9 X 11 matrices were 14.4, 18.7, and 22.9 mm high, respectively. At the 102 cm viewing distance, they subtended vertical angles of 48.5, 63.0, and 77.2 arcminutes. The remaining two levels were obtained by designing a 7 X 9 and 9 X 11 matrix size character set which remained the same size as the 5 X 7 characters. TWO-DIMENSIONAL SPATIAL FREQUENCY CONTENT AND CONFUSIONS AMONG DOT MATRIX CHARACTERS of a dot matrix character. If the dot size and interdot spacing remain constant, the dot matrix character will become larger and larger as more dots are used to construct each character.
To isolate the character size effect, two additional character constructions were used which kept the overall character size equal to the 5 X 7 matrix, but allowed the matrix size to increase to 7 X 9 and 9 X 11. The various matrix size/character size combinations which were used are shown schematically in Figure 2 . The selection of the 5X7 matrix size as the one within which the expanded (7X9 and 9 X 11) matrix sizes are confined is a purely pragmatic decision. The designer would undoubtedly opt to retain the smallest overall character size and limit the number of available dots within the character matrix.
The results must be viewed in this light, since all character size/matrix size combinations were not tested.
Subjects. Forty subjects, 20 male and 20 female, were used in this study. All subjects were screeched for normal acuity, at least 20/25 corrected, and absence of gross visual defects using a Bausch arid Lomb Orthorater. Each subject served a total of approximately four hours and was paid for his/her participation.
Apparatus. The display used in this study was a Tektronix 4014-1 computer graphics terminal. This terminal is equipped with an Enhanced Graphics Module which allows 3072 X 4096 separate points to be displayed on the face of the CRT. These points are slightly irregular due to phosphor blooming. Their size, determined by microphotometric measurement, is .508 mm high by .394 mm wide with center-to-center spacing of .091 mm in either direction. Thus, adjacent points (or minipoints) have substantial overlap. The maximum luminance of these minipoints is approximately 21 cd/m . Larger illuminated areas are obtained by simply illuminating many of these small minipoints.
In this research, the-> illuminated dots had a luminance of 21 cd/rn , against a background of approximately 3 cd/m .
The computer system used in this study was a Digital Equipment Corporation (DEC) PDF 11/55. A forehead rest was used to keep the plane of the subjects' eyes approximately 102 cm from the surface of the display.
Experimental design. The basic experimental design for this study is shown in Figure 3 . Four character" fonts were used and have been described previously.
The five character size/matrix size combinations included the standard matrix sizes (5X7, 7X9, and 9 X 11), allowing the character size to expand as more dots are added to the matrix. The 5 X 7, 7X9, and 9X11 matrices were 14.4, 18.7, and 22.9 mm high, respectively. At the 102 cm viewing distance, they subtended vertical angles of 48.5, 63-0, and 77-2 arcminutes. The remaining two levels were obtained by designing a 7 X 9 and 9X11 matrix size character set which remained the same size as the 5X7 characters. The order of size presentations was randomized.
Once the orderings were obtained, one male and one female subject were run under each ordering. The runs were split into two days to minimize fatigue, and the orderings were constrained so that the first size seen on the second day was the same as the practice size seen on the first day. All of these precautions served to make any significant ordering, learning, or fatigue effects highly improbable.
Procedure.
The program for Day One included a series of graphic instruction pages reviewing the method of presentation and response.
The actual study contained one practice and two experimental sizes on Day One and three experimental sizes on Day Two. Thus, three sizes were shown on each day. For each size, the subject was given as long as desired to become familiar with the character set (A -Z, 0 -9) which was displayed on the CRT.
The experimental trials always consisted of the same sequence of events. First, a fixation box was drawn in the middle of the screen.
A short time later, a single character was placed in the middle of the box.
The average time to write an entire character was 35 ms (plus or minus 0.5 ms).
After the character was fully written, the program delayed 10 ms and then overlaid the character with a full matrix of dots.
The subject's response consisted of a single character entry which was the character the subject thought he /she saw. The subject was forced to make a response, by guessing if necessary, on each trial.
The experimental trials were blocked.
Each block contained two presentations of every character in the set, or 72 total trials per block.
A total of four blocks (288 trials) was given for each experimental size.
Practice (seen only on Day One) consisted of 6 blocks or 432 trials.
Analysis of the data.
All character presentations and subject responses were stored on disk.
An analysis program compared responses with presentations, tagged errors, tabulated statistics, and formatted the output for each subject.
From these data sheets, confusion matrices were constructed and an analysis of variance (ANOVA) was performed on the confusion matrices.
Phase II
The overall procedural purpose of this phase of the research was to digitize the visual stimuli which were presented to observers in Phase I.
The character digitization process required both a photometer system and a mechanism with which to move the photometer sampling head over the display surface. All photometric measurements were made with a Gamma Scientific Model 2400 Digital Photometer. The order of size presentations was randomized. Once the orderings were obtained, one male and one female subject were run under each ordering.
The runs were split into two days to minimize fatique, and the orderings were constrained so that the first size seen on the second day was the same as the practice size seen on the first day. All of these precautions served to make any significant ordering, learning, or fatigue effects highly improbable.
Procedure.
The program for Day One included a series of graphic instruction pages reviewing the method of presentation and response. The actual study contained one practice and two experimental sizes on Day One and three experimental sizes on Day Two. Thus, three sizes were shown on each day. For each size, the subject was given as long as desired to become familiar with the character set (A -Z, 0-9) which was displayed on the CRT.
The experimental trials always consisted of the same sequence of events. First, a fixation box was drawn in the middle of the screen. A short time later, a single character was placed in the middle of the box. The average time to write an entire character was 35 ms (plus or minus 0.5 ms). After the character was fully written, the program delayed 10 ms and then overlaid the character with a full matrix of dots. The subject's response consisted of a single character entry which was the character the subject thought he/she saw. The subject was forced to make a response, by guessing if necessary, on each trial.
Each block contained two presentations of every character in the set, or 72 total trials per block. A total of four blocks (288 trials) was given for each experimental size.
Analysis of the data. All character presentations and subject responses were stored on disk. An analysis program compared responses with presentations, tagged errors, tabulated statistics, and formatted the output for each subject. From these data sheets, confusion matrices were constructed and an analysis of variance (ANOVA) was performed on the confusion matrices.
Phase IJ[
Apparatus. The character digitization process required both a photometer system and a mechanism with which to move the photometer sampling head over the display surface. All photometric measurements were made with a Gamma Scientific Model 2400 Digital Photometer.
Movement of the sampling head was accomplished with an Aerotech 260D X -Y stage. The X -Y stage was controlled by the laboratory computer system through a special interface designed and built in the VPI Human Factors Laboratory.
The X -Y stage is capable of moving in increments as small as 2.54 X 10 cm (.001 in.) in either axis with a maximum travel of 15.24 cm (6 in.).
Each character was scanned into a 512 X 512 point array. All scans were taken at .051 mm resolution. Physically this was accomplished by scanning an area 26.01 by 26.01 mm and takin digital samples at every second step of the X -Y stage (one step is .001 in. or 2.54 X 10 cm).
All displayed characters were totally contained within the 512 X 512 matrix scan.
Only two of the four fonts were scanned due to the storage requirements for each scan. The fonts chosen were the Huddleston and the Maximum Angle, with the choices based on the errors recorded during Phase I, in which the Huddleston font produced the fewest errors and the Maximum Angle font produced the most errors.
The spatial frequency content of the displayed characters was determined by performing a two -dimensional Fourier transform on the luminance arrays obtained by the X -Y scans.
An array of 64 X 64 coefficients (out of 256 X 256) was retained for further analysis. Similarity of spatial frequency spectra among all 36 characters within a given size and font was calculated using a simple product-moment correlation between corresponding Fourier coefficients.
Thus, each such correlation was of the 4096 (64 X 64) coefficients for each character with the corresponding 4096 coefficients for all other characters. The correlations were calculate with the Statistical Analysis System (SAS) implemented on the University computer system
In addition to the spatial frequency spectra similarity between characters, the Phi coefficient was also calculated.
This coefficient is a nonparametric statistic which indicates the degree of correlation between two dichotomous variables .
The basis for using the Phi coefficient is the observation that only a limited number of dots is available for character formation in any given matrix size. For instance, in a 5 X 7 matrix only 35 possible locations exist in which to place dots.
If the presence of a dot is denoted by a "1" and the absence of a dot by a "0 ", then each character can be repre- (1) Therefore, after these calculations, two measures of similarity between every possible pair of characters within a given font and matrix /character size existed.
These were (1) the product-moment correlation coefficient between the 2 -D Fourier coefficients and (2) 
TWO-DIMENSIONAL SPATIAL FREQUENCY CONTENT AND CONFUSIONS AMONG DOT MATRIX CHARACTERS
Movement of the sampling head was accomplished with an Aerotech 260D X-Y stage. The X-Y stage was controlled by the laboratory computer system through a special interface designed and built in the VPI Human Fact_prs Laboratory.
The X-Y stage is capable of moving in increments as small as 2.54 X 10 crn (.001 in.) in either axis with a maximum travel of 15.24 cm (6 in.) .
Procedure.
Each character was scanned into a 512 X 512 point array. All scans were taken at .051 mm resolution.
Physically this was accomplished by scanning an area 26.01 by 26.01 mm and taking digital samples at every second step of the X-Y stage (one step is .001 in. or 2.54 X 10 cm). All displayed characters were totally contained within the 512 X 5 1 2 matrix scan.
The spatial frequency content of the displayed characters was determined by performing a two-dimensional Fourier transform on the luminance arrays obtained by the X-Y scans.
Thus, each such correlation was of the 4096 (64 X 64) coefficients for each character with the corresponding 4096 coefficients for all other characters.
The correlations were calculated with the Statistical Analysis System (SAS) implemented on the University computer system.
In addition to the spatial frequency spectra similarity between characters, the Phi coefficient was also calculated. This coefficient is a nonparagjetric statistic which indicates the degree of correlation between two dichotomous variables .
If the presence of a dot is denoted by a "1" and the absence of a dot by a "0", then each character can be represented by a two-dimensional array of binary values. The functional form of the Phi coefficient is g iven by P -P Pi Phi = 9 ab where P = proportion of dots "on" in symbol a, a. P, = proportion of dots "on" in symbol b, P = proportion of dots "on" in common, Q = 1,0 -P , and x a a Qb = 1.0 -P b .
Therefore, after these calculations, two measures of similarity between every possible pair of characters within a given font and matrix/character size existed.
These were (1) the product-moment correlation coefficient between the 2-D Fourier coefficients and (2) the nonparametr ic Phi coefficient.
The final step in the data analysis was to relate these objective measures to the performance data gathered in Phase I. The mean numbers of identification errors per subject per experimental condition were evaluated by an analysis of variance, summarized in Table 1 . Individual comparisons were made by the Newman -Keuls technique for all significant effects.
The Font and Character /Matrix Size main effects and their interaction were all statistically significant (p < .05). There was no overall significant difference between the Huddleston and Lincoln /Mitre fonts (p > .05), and each of these was superior to both the Maximum Angle and Maximum Dot fonts (p < .01).
Further, the Maximum Dot font was found to be superior to the Maximum Angle font (p < .05).
The Character /Matrix Size main effect shows several interesting results.
First, the 5 X 7 matrix size produced more errors than any of the other sizes (p < .01).
The 7 X 9 matrix size yielded the next largest error total, and was in turn inferior to all three remaining matrix /character sizes (p < .01).
The next poorest size was the 7 X 9 matrix size reduced in character size to be equal to the 5 X 7; it, in turn, was inferior to both the 9 X 11 and the reduced 9 X 11 size. The next poorest was the 9 X 11 size, which was inferior to the reduced 9 X 11 (p < .01). In summary, the larger the matrix and the smaller the character size, within the bounds of the present experiment, the fewer the recognition errors.
The Font X Character /Matrix Size interaction shows several subtle results.
For the 5 X 7 size, the Huddleston font is superior to the other three (p < .01), while the Lincoln /Mitre and Maximum Dot fonts are essentially equivalent (p > .05) . In this matrix size, the Maximum Angle font produced more errors than any of the other three fonts (p < .01).
For the 7 X 9 matrix size, the Lincoln /Mitre font was superior to the other three (p < .05 for Huddleston: p < .01 for other comparisons). All comparisons among Huddleston, Maximum Angle, and Maximum Dot error rates are statistically significant (p < .01).
Similarly, all comparisons among fonts for the 9 X 11 matrix size are statistically significant (Huddleston vs 
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43. There was no overall significant difference between the Huddleston and Lincoln/Mitre fonts (_p > .05), and each of these was superior to both the Maximum Angle and Maximum Dot fonts (]p < .01).
Further, the Maximum Dot font was found to be superior to the Maximum Angle font (p < .05) .
The Character/Matrix Size main effect shows several interesting results. First, the 5 X 7 matrix size produced more errors than any of the other sizes (jp < .01). The 7X9 matrix size yielded the next largest error total, and was in turn infeFior to all three remaining matrix/character sizes (_p < .01).
The next poorest size was the 7X9 matrix size reduced in character size to be equal to the 5X7; it, in turn, was inferior to both the 9X11 and the reduced 9X11 size. The next poorest was the 9X11 size, which was inferior to the reduced 9 X 11 (jp < .01). In summary, the larger the matrix and the smaller the character size, within the bounds of the present experiment, the fewer the recognition errors.
The Font X Character/Matrix Size interaction shows several subtle results. For the 5 X 7 size, the Huddleston font is superior to the other three (jp < .01), while the Lincoln/Mitre and Maximum Dot fonts are essentially equivalent (jp > .05).
In this matrix size, the Maximum Angle font produced more errors than any of "the other three fonts (£ < .01).
For the 7X9 matrix size, the Lincoln/Mitre font was superior to the other three (£ < .05 for Huddleston: £ < .01 for other comparisons). All comparisons among Huddleston, Maximum Angle, and Maximum Dot error rates are statistically significant (£ < .01).
Similarly, all comparisons among fonts for the 9X11 matrix size are statistically significant (Huddleston v s. Lincoln/Mitre, £ < .05: Maximum Angle vs. Maximum Dot, £ < .05: all remaining compar iscTns, £ < .01). Fo~F this matrix size, the "Lincoln/Mi tre is "best and the Huddleston next best.
The Lincoln /Mitre and Huddleston fonts are essentially equivalent (p > .05) for the reduced 7 X 9 size, while all other comparisons are significant (p < .01), with the Maximum Angle the poorest.
For the reduced 9 X 11 matrix size, the results are the same as for the reduced 7 X 9 matrix size.
Confusion matrices.
Confusion matrices were constructed from the Phase I performance data.
Space restrictions o not allow the 20 confusion matrices to be reproduced here.
They can be found elsewhere .
Phase II
The correlation between objective similarity and performance was calculated in several steps.
Each step attempted to extract subsets of all character pairs which would contain large numbers of confusions. For instance, a sort was done to retain only those character pairs with very high correlations between 2 -D Fourier coefficients (r > .90).
Another sort retained only those character pairs with high Phi coefficients (Phi > .60).
After each such extraction procedure, the subjective confusions for each character pair were intercorrelated with both the 2 -D spatial frequency correlation coefficient and the Phi coefficient for that pair.
The correlations between 2 -D spectra similarity and performance were not generally significantly different from zero.
These coefficients were very low even when they were different from zero. The correlations between Phi coefficients and performance were generally significant and ranged between .30 and .80 depending on the font and matrix /character size.
Summary and conclusions
Font Selection
Of the four dot matrix fonts used in this research, two, Lincoln /Mitre and Huddleston, produced consistently better recognition performance than either the Maximum Dot or Maximum Angle fonts.
Except at the 5 X 7 matrix size, the choice of either Lincoln /Mitre or Huddlcston is more or less a matter of preference. At the 5 X 7 matrix size, the Huddleston font is recommended over all others tested.
Intercharacter Similarity
Two intercharacter similarity measures were related to performance in the present research.
The time consuming nature of the digitization and the complex and computer -intensive analyses required for spatial frequency spectra correlations would seem not to be justified by the strength of the relationship to performance.
One quite useful tool to emerge from this research is the Phi coefficient. This nonparametric correlation coefficient has been shown to be a very good rough index of confusion among dot matrix characters.
The Phi coefficient is mathematically simple, requires minimal character analysis, and has high face validity.
Such a measure makes an excellent "rule -of-thumb" design tool for intercharacter confusability prediction.
The Lincoln/Mitre and Huddleston fonts are essentially equivalent (jp > .05) for the reduced 7X9 size, while all other comparisons are significant (_p < .01), with the Maximum Angle the poorest.
For the reduced 9X11 matrix size, the results are the same as for the reduced 7X9 matrix size .
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The correlations between 2-D spectra similarity and performance were not generally significantly different from zero. These coefficients were very low even when they were different from zero. The correlations between Phi coefficients and performance were generally significant and ranged between .30 and .80 depending on the font and matrix/character size.
Summary and conclusions
Font Selection
Of the four dot matrix fonts used in this research, two, Lincoln/Mitre and Huddleston, produced consistently better recognition performance than either the Maximum Dot or Maximum Angle fonts.
Except at the 5X7 matrix size, the choice of either Lincoln/Mitre or Huddleston is more or less a matter of preference.
At the 5X7 matrix size, the Huddleston font is recommended over all others tested.
Intercharacter Similarity
The time consuming nature of the digitization and the complex and computer-intensive analyses required for spatial frequency spectra correlations would seem not to be justified by the strength of the relationship to performance.
Such a measure makes an excellent "rule-of-thumb" design tool for intercharacter confusability prediction.
